Abstract
Introduction

32
Bacterial cells have evolved a variety of specialized nanomachines to secrete proteins, nucleic 33 acids, and other materials into their environment 1,2 . Among these, the type IV secretion system 34 (T4SS) is arguably the most complex and versatile. T4SSs include the well-studied conjugation 35 machine that Escherichia coli and other bacteria use to transfer plasmids from donor to recipient 36 cells, as well as the Cag T4SS from Helicobacter pylori that injects a carcinogenic effector protein 37 into human intestinal epithelial cells 3, 4 . Based on component number and similarity, T4SSs are 38 classified into three types: IVA, IVB, or other 5, 6 . The archetype type IVA system is the VirB/D4 39 T4ASS, widely used to genetically engineer plants, that Agrobacterium tumefaciens uses to inject 40 apparent. In some cases, discussed below, loss of a component blurred the average, reflecting 147 destabilization of the complex. 148 149
Assigning locations of Dot/Icm T4BSS components 150
The sub-tomogram averages and difference maps of the mutants allowed us to place components 151 into the overall structure (Fig. 4) , guided by existing structural knowledge and predictions of 152 secondary and tertiary structure (Fig. S4, Fig. S5 ). Here we summarize the process for each 153
component. 154 155
DotK 156
DotK is highly conserved among Legionella and Coxiella species 24 , but deletion of the gene results 157 in only a partial growth defect in protozoan hosts, and no defect for growth within macrophages 158 11, 25 . In the ΔdotK average, all densities were present except alpha (Fig 3D, K) . DotK is part of the 159
OmpA domain family (Pfam F00691) 24 , bacterial peptidoglycan binding proteins that include the 160 OM porin OmpA, the flagellar protein MotB, and peptidoglycan-associated proteins (PALs). 161
Residues 2-131 are predicted to adopt the same fold as the C-terminal peptidoglycan binding 162 domain of Pseudomonas aeruginosa OprF (PDB: 5U1H) from Pseudomonas aeruginosa ( Fig. S4 ; 163
Phyre2 server 100% confidence, 21% identity). This structure fit the alpha density well (Fig. 4) , 164 immediately adjacent to the thin line of density parallel to the OM, which we interpret to be ordered 165 peptidoglycan. 166 (VirB10/TrbI in the T4ASS, TraO in the IncI plasmid-like systems, and DotG/IcmE in the T4BSS). 170
The conserved part of the protein is the C-terminal TrbI domain (Pfam PF03743, residues 844-171 1045) (Fig. S4) . The structure of this domain was solved in complex with the C-termini of VirB7 172 and VirB9 20 . The TrbI domain was seen to form a 14-fold-symmetric dome-shaped bowl with a 173 central hole lined by two alpha helices per monomer thought to penetrate the OM 20 . We previously 174 speculated that the TrbI domain of DotG forms a similar dome just underneath the OM in the 175 T4BSS system as well, and showed that the size and shape of the TrbI domain matched the hat 176 density in the Dot/Icm structure 14 . In the ΔdotG average, the hat was missing (Fig. 3E, L) . Placing 177 the TrbI domain structure into the hat density of the Dot/Icm complex in the orientation proposed in 178 current models 19,20 fit well (Fig. 4) . The ΔdotG structure showed additional differences: the stem 179 and stalk were also missing, the gamma ring was distorted, and the plug was several nanometers 180 closer to the IM (Fig. 3E ). To understand these differences, we considered the N-terminal sequence 181 of DotG. Interestingly, T4BSS DotG-family proteins are significantly longer than the VirB10-182 family proteins due to the presence of an ~600 residue variable region containing repeats 11 . We 183 found that both the Legionella and Coxiella DotG repeat regions are predicted to fold into long β-184 helices like those found in various bacterial effector proteins (Phyre2 99.9% confidence matches to 185 PDB 3NB2 and 3DU1) (Fig. S4) . The length, width, and even slight curvature of the predicted β-186 helices matched the apparent length, width, and curvature of the stalk channel wall, and 13 copies 187 of the predicted β-helix structure could form a ring with the same inner and outer dimensions as the 188 channel (Fig. S6C) . 189
190
Because the stem was missing and the plug displaced in the ΔdotG structure, we speculate that the 191 ~100 residues between the TrbI and β-helix domains form the stem and interact with the plug en 192 route to the stalk channel. Finally, it is unclear if the ~160 residues between the repeats and the N-193 terminal transmembrane helix are ordered or large enough to be seen in the averages, but they may 194 form part of and/or interact with the wings (see below + DotU/IcmF, however, exhibited the beta and gamma rings and the plug (Fig. 3C) . Having located 220 DotC in the top of the gamma ring, and with evidence that IcmF is in the plug (see below), we 221 assumed the beta ring and bottom of the gamma ring were occupied by DotH and DotD. (Note 222
DotU cannot be the beta or gamma ring, since it has only a few periplasmic residues.) 223
224
While not a clear match, the highest-scoring prediction for DotH structure from Phyre2 was VirB9, 225 based on similarities between residues 168-227 of DotH and a model of the N-terminal domain of 226 VirB9 (49% confidence). The C-terminal domain of VirB9 is known to bind the periphery of the 227
TrbI domain of VirB10 in the O-layer and the N-terminus forms another domain in the lower I-228 layer 20, 26 . Prediction of DotH structure using various programs (I-TASSER, Phyre2 and Quark) 229 also suggested that DotH included two or more separate domains (Fig. S8) . We therefore propose 230 that DotH forms i) the central part of beta (where a domain roughly the size of the C-terminus of 231 VirB9 might bind DotG), ii) the bottom of gamma (where another domain might bind DotC), and 232 iii) the elbow between them (Fig. 4, Fig. S8C NMR structure of the interface between the X. citri VirB9 and the VirB7 linker, and then used 244 molecular dynamics to dock the N0 domain, which placed the N0 domain around the periphery of 245 the VirB9 O-layer (Fig S9A, C) 27 . We therefore assumed that just as in E. coli and X. citri VirB7s, 246 26 residues of the DotD linker line the top of DotG (the hat) and DotH (the central part of beta). 247
The linker in DotD contains ~10 additional residues so we placed it in the only unaccounted-for 248 density within 3.5 nm (corresponding to an extended polypeptide chain of 10 residues): the 249 periphery of beta, just where the X. citri N0 domain has been predicted to bind (Fig. S9, Fig. 4 proposal that DotU and IcmF play an essential role in stabilizing the Dot/Icm core-complex 28 . 259 complexes to the poles to initiate assembly 23 . 261
In the ΔdotU ΔicmF double deletion mutant (Fig. 2N ), we found polar as well as nonpolar 263 particles, confirming that loss of DotU/IcmF results in mislocalization of the T4BSS. The average 264 of these complexes exhibited low resolution (Fig. 3G ), indicating that in addition to recruiting the 265 T4BSS, DotU/IcmF also stabilizes it, suggesting a structural role. The difference map revealed a 266 decrease in the plug density and a decreased diameter of the gamma ring (Fig. 3G, N (Fig. 2F ), but it did affect its stability, as evident from the low resolution 295 sub-tomogram average (Fig. 3P) . The difference map showed losses of density below and gains of 296 density above the gamma ring, indicating that the gamma ring drifts toward the OM in the absence 297 of DotF (Fig. 3V) . 298
299
In many individual wild-type particles, wing densities were just as visible as alpha, beta, or gamma 300 densities, but their positions varied between particles, washing them out in the average (Fig. S10A-301 I). In addition, the alpha, beta and gamma densities formed complete rings, making them appear 302 even darker relative to the wings. We therefore computed additional sub-tomogram averages 303 aligning particles with a mask centered on the wing region (from the IM up to and including the 304 bottom of the gamma ring), which enhanced the density of the wings. In the ΔdotG structure the 305 wing density was weaker but still visible, and it was completely absent in the ΔdotF structure, 306 supporting the notion that the wings are largely DotF, stabilized by DotG (Fig. S10J-N) . To furthertest this, we imaged a C-terminal sfGFP fusion of DotF (Fig. 3Q, W) . In addition to stabilizing the 308 entire complex (see above), there was a new density at the joint of the elbow between the gamma 309 and beta densities, just above the wings, implying that the C-terminal domain of DotF is present at 310 the joint of the elbow. 311 312 Phyre2, I-TASSER, and Quark prediction suggested that DotF folds into a long, potentially jointed 313 alpha-helical structure capped by a C-terminal domain similar to that of PilP/GspC. We therefore 314
represented DotF as a flexible arm above the peripheral barrels that can reach to the elbow of 315 beta/gamma (see Discussion) (Fig. 4) . 316 317 DotA 318 DotA is released into the culture media in a Dot/Icm-dependent manner, where it forms ring-like 319 structures of uniform 10-nm diameter 33 . Its IncI plasmid homolog, TraY, has been described as an 320 "extended-VirB6" protein located at the substrate transfer channel, suggesting a broadly conserved 321 role 38 . In L. pneumophila, the ΔdotA mutant results in a nonfunctional Dot/Icm machine and 322 exhibits an intracellular growth defect 33, 39, 40 . 323
324
To locate DotA, we examined the ΔdotA ∆dotL average. We reasoned that since DotL is a 325 cytoplasmic ATPase (and in the ΔdotL ∆dotO ∆dotB deletion strain, the OM and periplasmic 326 densities remained essentially unchanged (see below, Fig. 3S, Y) ), any structural change in the OM 327 and/or periplasmic complexes in the ΔdotA ∆dotL mutant would be because of the absence of 328 DotA. The biggest difference was a major density missing in the top of the stalk channel (Fig. 3R , 329 X), with diminished density in the stalk channel walls in that region. Since the diameter of the stalkroughly matched the diameter of purified DotA rings, we therefore propose that the periplasmic 331 domain of DotA 41 is located in the top of the stalk channel, where it stabilizes the walls and can be 332 released (Fig. 4) hypothesized that the barrel structures we saw in the T4BSS were the ATPases. Consistent with our 347 hypothesis, all cytoplasmic densities were missing in the ΔdotLOB mutant (Fig. 3S, Y) . Given that 348 the size of the tall peripheral barrels matches the known structure of DotO, but is substantially taller 349 than DotL, and DotB has the shortest sequence of all three, we propose that DotO (Fig. 3T, Z ), several differences were apparent: i) 362 the cytoplasmic barrels were missing, ii) the IM was more bent (adopting a shallow V-shape 363 pointing up to the stalk (Fig. S11A-H) , iii) the distance between the inner and outer membranes 364 increased from ~31 to 34 nm (center-to-center), and iv) a faint density at the base of the wings was 365 missing. The shape differences in the membrane and vertical expansion of the complex introduced 366 both positive and negative differences on either side of the membrane and between the O-and I-367 layers, but these cannot correspond to the periplasmic domain of DotI because the linker between 368 its transmembrane and folded domains is not long enough (27 residues: ~9.5 nm max). Instead, we 369 hypothesized that the faint density at the base of the rings was DotI. To consider this more carefully 370 we inspected sub-tomogram averages of wild-type, DotF-sfGFP, and ΔdotIJ aligned on the IM 371 (Fig. S11I-N) . In both the wild-type and DotF-sfGFP averages there was a ring of density just 372 above the IM at a radius of 8.3 nm from the channel axis, but this was missing in the ΔdotIJ map 373 (Fig. S11K, N) . 374 several structures of VirB8 17,50,51 . While the curvature of the DotI complex as crystallized did not 377 match the ring curvature we saw in vivo, the monomer could be reasonably accommodated within 378 the ring density (Fig. 4) , and we suspect that the presence of DotJ likely influences the curvature of 379 the ring. We propose that the periplasmic domain of DotJ forms a 16.6 nm-wide ring around the 380 stalk channel ~3.5 nm above the IM (Fig. S6D) , where it stabilizes the ATPases (which are lost in 381 DotIJ's absence). This is consistent with previous reports that DotIJ forms a ring around the 382 substrate translocation channel 49 . 383
384
Discussion
385
Here we visualized the structure of the Dot/Icm T4BSS at "macromolecular" (~2-4 nm) resolution 386 and dissected it, pinpointing the location of all 10 proteins with periplasmic domains. We found that 387 the alpha, beta, and gamma rings are 13-fold symmetric. This is surprising because all reported 388
T4ASSs, including those of the R388 and pK101 plasmids and the H. pylori Cag T4SS, exhibit 14-389 fold symmetry 18-21,52 . We also discovered a wide central channel directly above a central 390 cytoplasmic ATPase. A model of the VirB (3-10) T4ASS complex from the R388 plasmid showed an 391 OM-associated core complex connected to a cytoplasmic complex by an apparently solid stalk 19 . 392
Similarly, in a reconstruction of the purified H. pylori Cag core complex 18 , and in our own in situ 393 structure of the complete Cag T4SS 21 , the stalk appears less dense than other features of the 394 particle, as if disordered, but there is no indication of a central lumen. Based on these observations, 395 it was concluded that the T4SS is unlike other secretion systems in that it lacks a central channel 396 There may be an additional pathway for substrates into the machine, however, through the gap 413 between the beta and gamma rings. While there is some density connecting those rings (the DotH 414 elbow), it is much fainter than the rings, suggesting it is not circumferentially continuous (there are 415 holes). In type II and type III secretion systems, the C-terminal domain of PilP/GspC interacts with 416 effectors and with the N0 domain of secretin 55, 56 . These effector interactions are high specificity 417 but low affinity, allowing PilP/GspC to recruit effectors from the periplasm and deliver them to the 418 translocation channel. Here, we located DotD, which contains an N0 secretin domain, at the 419 periphery of the O-layer, near the gap between the beta and gamma densities. We found the C-420 terminal domain of DotF, which is similar to the C-terminal domain of PilP/GspC, at the elbow, just 421 below DotD. In addition, the wing density we identified as DotF appears directly across the IM and DotB does not affect assembly of the OM-associated or periplasmic complexes (Fig. 3S) , 447 suggesting that these complexes assemble independently of the ATPases. An intriguing obeservaton 448 was that in the ΔdotIJ mutant, there were no cytoplasmic densities. Previously, it was suggested 449 that VirB8 might form an IM-associated ring in the periplasm above the hexameric ATPases 17, 19 . 450
Our results support that claim and reveal that the DotIJ/VirB8 ring plays a critical role in recruiting 451 the cytoplasmic ATPases. 
Materials and Methods
merodiploid. JV7091, the ∆dotE ∆dotP strain, was constructed by integration of pJB5185 into Lp02 501 followed by resolution of the merodiploid. JV7967, the ∆dotJ ∆dotI strain, was constructed by 502 integration of pJB6162 into Lp02 followed by resolution of the merodiploid. JV9082, the DotF-503 sfGFP chromosomally integrated strain, was constructed by integration of pJB7255 into Lp02 504 followed by resolution of the merodiploid. JV9114, the DotC-sfGFP chromosomally integrated 505 strain, was constructed in two steps. First, a SacB/CmR cassette was integrated prior to the stop 506 codon of DotC using pJB7264 by natural transformation of Lp02. Then the cassette was replaced in 507 a second natural transformation step using pJB7283. 508
509
Western blot analysis 510
Protein samples were boiled for 5 min in Laemmli sample buffer and separated by sodium dodecyl 511 sulfate-polyacrylamide gel electrophoresis, followed by transfer to polyvinylidene difluoride 512 membranes. Membranes were blocked in BLOTTO (PBS containing 5% non-fat dry milk), washed 513 with wash buffer (PBS containing 0.05% Tween 20) and incubated for 1 hour with antibody diluted 514 in BLOTTO. Blots were then washed with wash buffer followed by 1 hour incubation with 515 secondary goat anti-rabbit antibody conjugated to horseradish peroxidase (Sigma) diluted 1:10,000 516 in BLOTTO. Blots were subsequently washed with wash buffer prior to development using an ECL 517 detection kit (GE Healthcare). were created by mutually aligning two averages, then subtracting the densities of the mutant from 543 the densities of the reference (usually the wildtype). Losses and increases of density were shown in 544 yellow and red, respectively, and shaded according to significance (bright and light color for 
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Gyore for running the Western blots in Fig. S3 . 561 562 Figure 1 . Overall structure of the dot/icm T4BSS. Central tomographic slices through the (A) wild-type and (B) DotF-sfGFP sub-tomogram averages, showing the improved resolution of the DotF-sfGFP structure. Note that because Dot/Icm particles are flexible, all the sub-tomograms going into the average were first aligned on the OM-associated densities and then on the IM-associated densities, separately; the image shown is a composite of the two averages concatenated at the yellow line. Scale bar 10 nm. C) Schematic of the major densities in the structure, named for reference. D) Tomographic slices through individual particles showing top views. E) Rotational cross-correlation coefficients of the three top-view particles for symmetries from 8-to 18-fold, showing that 13-fold was the strongest in each case. F) Applying 13-fold rotational symmetry at the levels of the red and blue lines in the DotF-sfGFP average produced clear structures (other symmetries failed to produce regular density patterns). For scale, the diameters of the red and blue circles are both 32 nm. In those strains in which T4SS particles or sub-particles were seen, an enlarged image of an example particle is shown in the inset. Scale bar 100 nm. Figure: 2
+dotU/icmF +dotU/icmF SΔ Figure 3 . Mutant structures and difference maps. Top rows: Central slices through the sub-tomogram average structures of each strain imaged. Bottom rows: Central slices through the difference maps comparing each average to the wild-type. Yellow represents missing densities and red extra densities. Weak to strong intensities correspond to density differences from one to three standard deviations, respectively, overlaid on the mutant sub-tomogram average. Note isolated differences (as in panels M, U, and W) are candidate locations of missing or additional densities; matched yellow/red pairs on either side of a structure (as in panel V) likely indicate movements. Note in the case of dotIJ, the full image is from the IM-aligned averages since the feature of interest is at the same level as the concatenation. Scale bar 10 nm. . Architectural model of the Dot/Icm T4BSS. Based on the difference maps and evidence discussed in the text, known and predicted structures of T4BSS components are superimposed on the central slice of the DotF-sfGFP average. The wing region is from an average of particles aligned on that area, so that parts of three different averages are shown. Note that the relative orientation of the component structures are not known -the purpose of this schematic is simply to show where in the T4BSS each component is located and how its size and shape compare to the ECT densities. Components whose structures are not known or confidently predictable are depicted as circles (DotC) or as the shape of densities seen in the sub-tomogram averages or difference maps (DotH and IcmX). The low-resolution cryo-EM single particle reconstruction of VirB4 is used to represent two peripheral cytoplasmic ATPases (DotO). Presumably-extended polypeptide links to the OM are shown as dotted lines. Sequences in DotG with unknown structure are shown as solid lines with speculative paths drawn only to remind viewers that they may have important functions. Many other transmembrane helices are present that are not shown -so many in fact that they likely pack this region of the IM: DotA for instance is predicted to have 8-11 transmembrane helices and exist within the T4BSS as a dodecamer, and five additional proteins predicted to be almost entirely encompassed within the IM (DotE, DotP, DotV, IcmT, and IcmV) are not shown. Note other cytoplasmic proteins in the system are also not shown since we do not know yet where to place them. OM = outer membrane, PG = peptidoglycan cell wall, IM = inner membrane. Lipids are shown in grey and peptidoglycan in brown. Scale bar 10 nm.
